Coagulase-negative staphylococci (CoNS) are a leading cause of sepsis in the neonatal intensive care unit (NICU) setting. To evaluate the hypothesis that isolates of CoNS associated with disease belong to hypervirulent clones, as opposed to being drawn randomly from the neonatal unit carriage flora, we conducted a prospective, case-controlled study in a busy NICU. Using pulsed-field gel electrophoresis (PFGE), we compared the population structures of CoNS isolates associated with bacteremia with isolates from the skin of healthy and infected neonates and with blood culture contaminants. Endemic clones of CoNS were identified, but there was no difference in the distribution of the 6 species or 73 PFGE types between the carriage and disease isolate groups; this suggests that hypervirulent clones with an enhanced ability to cause disease were not present in this NICU setting.
depends in part on the development of an in-depth understanding of the determinants of CoNS infection.
The clinical pattern of CoNS disease indicates that the host immune response is an important determinant of infection. The normal host can be infected with CoNS, but such infections are usually associated with prosthetic material and are characteristically localized and indolent [8] . Systemic infection is rare and often involves the more pathogenic species of the group, an example being native valve endocarditis caused by Staphylococcus lugdunensis [9] . This clinical picture contrasts with the pattern of disease in individuals with severe immunosupression, such as those undergoing chemotherapy for hematological and other malignancies. CoNS are a leading cause of sepsis in this group, commonly in association with an iv device [10, 11] . The immature immune response in low-birth weight and preterm neonates may go some way to explain why these patients are prone to CoNS infection.
The role of bacterial factors in CoNS infection is less clear. Three studies outside of the neonatal intensive care unit (NICU) setting compared unmatched strain collections of Staphylococcus epidermidis associated with carriage and infection and reported that the ica operon was detected at a greater frequency in isolates associated with disease [12] [13] [14] . This operon encodes an exopolysaccharide termed "polysaccharide intercellular adhesin," which is involved in biofilm formation [15] . Biofilm production is widely believed to be an important virulence determinant in CoNS disease [16] [17] [18] , but not all isolates associated with disease produce biofilm in vitro [12] . This implies that infection is likely to involve a combination of factors rather than a single determinant. The study of this complex process requires an approach that is preferably assumption free and that evaluates multiple bacterial factors. One possible strategy is to determine whether invasive isolates constitute hypervirulent clones, thus confirming the role of bacterial factors in disease. The identification of hypervirulent clones provides a framework for future studies of virulence determinants, in which the gene complements of invasive and less pathogenic strains can be compared. Several studies have undertaken the genotyping of CoNS isolated from blood samples obtained from neonates for culture, and they have demonstrated the presence of у1 endemic clones together with numerous sporadic genotypes within a particular neonatal unit [19] [20] [21] . However, it is unclear whether this reflects relatively higher pathogenicity of these clones relative to others or a preponderance of these clones in the neonatal unit bacterial carriage population. The aim of this study was to evaluate the hypothesis that isolates of CoNS associated with disease belong to hypervirulent clones, as opposed to being drawn randomly from the strains that colonize neonates in the unit. This was achieved in a prospective, case-controlled study in which CoNS that caused bacteremia were compared by use of pulsed-field gel electrophoresis (PFGE) with isolates from the skin of healthy and infected neonates and with blood culture contaminants.
METHODS
Case-control study design. The study was conducted prospectively in the NICU at the John Radcliffe Hospital, Oxford, United Kingdom, from May 1999 through July 2000. This unit has the capacity to care for 27 neonates, with 7 receiving intensive care and 20 receiving high-dependency care. All neonates with blood cultures positive for CoNS were entered into the study as potential cases of CoNS sepsis. Blood samples for culture were taken from peripheral sites rather than from previously placed lines. The clinical relevance of positive blood cultures was assessed during regular meetings between ward and study staff, during which clinical and microbiological information was reviewed. Blood culture isolates were assigned to the categories of either "invasive isolates" or "contaminants," on the basis of predefined criteria (table 1). The demographic and clinical details recorded for neonates with CoNS bacteremia (the index case patient) included sex, gestational age, birth weight, age at sample collection, position in the NICU (intensive care or high-dependency area), total duration of stay in the NICU, and final outcome.
Skin swabs were taken within 24 h of the definition of the case from the ear lobe and axilla of the index case patient and from 2 control infants in whom sepsis was not suspected. The control infants were chosen at random from the other patients in the NICU at the time. To avoid overmatching, these infants were not matched for either gestational age or length of stay in the NICU; they were only matched for coresidence with the index case patient in the NICU, although demographic and clinical details were recorded for retrospective comparison with the index case patients.
Skins swabs. The skin of one ear lobe (anterior surface) and axilla was swabbed by a single member of the study team using a modification of the swab wash method described elsewhere [22] . A cotton wool swab was moistened with sterile PBS and rubbed against the skin for 20 s. The tip of the swab was broken into a bottle containing 1 mL of sterile PBS and vortexed for 20 s. This was diluted 100-fold in PBS, and 50 mL of diluted and undiluted fluid was plated onto blood agar, which was incubated at 37ЊC in air for 48 h.
Isolate identification, speciation, and antibiotic susceptibility testing. Blood cultures were processed initially by the Department of Microbiology, John Radcliffe Hospital. Bottles were incubated for 5 days on the Bactec 9240 System (Becton Dickinson) and subcultured according to the laboratory's standard operating procedures if they were flagged as positive during this period. The study staff liaised with the microbiology department daily to obtain the primary agar plates used to subculture the blood culture bottles. Plates inoculated from blood cultures and skin swabs were examined visually to identify presumptive staphylococci on the basis of colonial morphology. Each colonial variant was initially treated as a different strain and was plated to purity on blood agar and incubated at 37ЊC in air for 48 h. Colonies with differing morphology on a single specimen that were later found on biotyping and genotyping to be identical were only counted once in the analysis. To evaluate whether colonies with the same morphology on a given plate were the same strain, 10 colonies with identical appearance were picked from each of 7 blood agar plates that had been inoculated with skin flora from different neonates. These colonies were typed by PFGE using the methodology described below. The banding patterns were identical for colonies that had an identical appearance on the same plate (data not shown). Isolates were identified as CoNS on the basis of a positive catalase test result and negative coagulase and DNase test results. Identification to species level was performed by use of the API ID32 system (bioMérieux UK Ltd.), according to the manufacturer's recommendations. Antibiotic susceptibility testing was performed by use of a comparative disk-diffusion method, in accordance with British Society for Antimicrobial Chemotherapy guidelines [23] . Susceptibility was tested to penicillin, oxacillin, gentamicin, netilmicin, amikacin, erythomycin, tetracycline, ciprofloxacin, vancomycin, fusidic acid, rifampicin, and trimethoprim. Isolates were stored in trypticase soy broth with glycerol (15% by volume) at Ϫ80ЊC.
PFGE. The preparation of chromosomal DNA for PFGE was performed as described elsewhere [24] but with the following modifications. Bacterial isolates were grown on blood agar overnight at 37ЊC in air. Gel blocks were made by use of equal volumes of 2% low-melting-point agar (Gibco) and a bacterial suspension of cells. Bacterial cell lysis was 8 9 ϫ 10 achieved by use of lysostaphin 30 U/mL (Ambi) and lysozyme 5000 mg/mL (Sigma).
DNA was digested by use of SmaI (New England BioLabs). PFGE was performed with use of a 1% agarose gel (Gibco) in a CHEF DRIII system (Bio-Rad) under the following conditions: run time, 30 h; temperature, 14ЊC; voltage, 200 V; initial forward time, 1 s; final forward time, 45 s. Lambda concatamers were run in every sixth lane (New England BioLabs). Gels were stained with ethidium bromide, washed in water, and photographed under ultraviolet light by use of the Gel Doc 1000 system (Bio-Rad). Stored images were analyzed by 2 observers by use of BioNumerics, version 2.0 (Applied Maths). PFGE types were defined on the basis of DNA banding pattern, and isolates with identical patterns were regarded as "genotypically indistinguishable"; "related," if they differed by 1 to 3 bands; and "unrelated," if they differed by у4 bands.
Statistical analysis. There were 4 populations of CoNS isolates that arose from this case-control study: (1) invasive blood culture isolates, (2) blood culture isolates considered contaminants, (3) skin isolates from the index case patients, and (4) skin isolates from healthy control babies. (1), (3), and (4) can be considered as strictly part of the case-control study (there are no controls for the blood culture contaminants). The invasive isolates from each index case patient were associated with у1 isolates from the skin of the index baby and у1 isolates from each of the 2 matched control babies. These isolates were regarded as belonging to a stratum identified by the index case patient. Within strata (blood culture, healthy baby controls, and sick baby controls), strains were identified on the basis of biotyping (for speciation), PFGE type, and antibiogram. The subject of all subsequent analysis was the strain, rather than the isolate, because, in many cases, several isolates from the same source were identical and represented the same strain. Population genetic analyses were conducted within and between the 4 isolate groups, and "transmission" analyses were conducted within the temporally matched patient strata.
Comparison of the population structure of the 4 groups was carried out as follows. The species distribution between the groups was compared in a simple contingency table. The genetic diversity as defined by the number of different PFGE types was compared between groups. As a measure of genetic diversity weighted for strain frequency, the chance of drawing, at random (with replacement), 2 isolates with identical PFGE types consecutively from each population was calculated, with exact binomial CIs; this probability was then compared between the groups. No systematic adjustments for multiple comparisons have been used.
RESULTS

Case Patients and Controls
We recruited 15 patients with clinically significant coagulasenegative staphylococcal bacteremia, which yielded 17 strains from 17 separate episodes of sepsis. Fourteen of these episodes were regarded as "definite CoNS bacteremia" and 3 as "probable CoNS bacteremia." These were pooled for the purposes of analyses. A full set of control swabs (from the index case patient and from the 2 matched healthy controls) was collected for 14 of these cases. Each temporally linked set of disease isolates(s) plus controls represents a separate group or stratum for the purpose of this analysis. The 15 "strata" (one without controls) contained a total of 130 isolates. In addition, 55 CoNS isolates from a total of 40 neonates were considered to be blood culture contaminants. Two of these neonates also yielded "true posi- tive" blood culture isolates and are included in the 15 index case patients. The demographic details of the case neonates and control neonates are summarized in table 2. There were no significant differences in sex, gestational age, birth weight, or time of sampling between the clinical groups. Despite this, neonates with CoNS bacteremia were significantly more likely to be in the intensive care area within the NICU ( ) and had a sig-P ! .02 nificantly longer stay in the NICU ( ) than were control P p .006 neonates and those with contaminated blood cultures.
Isolate Species and Antibiogram
Six species of CoNS were represented among the isolates. The 2 largest groups were S. epidermidis and Staphylococcus capitis, which accounted for 69% and 16% of isolates, respectively. There was no significant difference in the distribution of species among the 4 clinical groups (  ; table 3 ). There was an P p .96 even distribution of S. epidermidis among the 4 groups (P p ) and between skin and blood isolates (67% vs. 71%, re-.74 spectively;
). P p .63 As in previous studies of CoNS isolates from neonatal intensive care units, there was a high level of antibiotic resistance among the isolates in this study (table 4). All isolates were sensitive to vancomycin. Strains from the skin or blood of sick neonates were resistant to a median of 5 antibiotics (interquartile range, 4-6), compared with a median of 4 (interquartile range, 3-5) antibiotics for strains from the skin of healthy controls ( , by P p .002 use of the Kruskal-Wallis test). For most of the individual antibiotics tested, there was no significant difference among the clinical groups, and antibiotic resistance was not associated with the disease-causing isolate group. However, resistance to gentamicin and to trimethoprim were significantly higher in isolates from index case patients (causing bacteremia or from skin swabs), compared with isolates from healthy controls ( in both P p .007 cases). This could not be accounted for by a mismatch between case patients and controls in terms of duration of admission or antibiotics administered prior to bacterial isolation. However, these results may represent a chance finding due to the multiple comparisons made.
PFGE Types
PFGE of the 185 isolates yielded 72 separate types (all different from each other by 13 bands). All PFGE types were unique to a particular species, and all species except S. capitis were represented by multiple types. Eight types had subtypes that differed from each other within a type by 1-3 bands.
Case-Control Analysis
Within strata, invasive isolates had PFGE types identical to у1 of the healthy controls in 5 of 14 cases and to the skin flora of the index case patient in 5 of 14 cases ( ). In one P p .99 stratum, the disease-causing type was present in both control groups. This suggests that, although the invasive types were widespread as skin flora in the NICU at the time of infection, the index case patient was no more likely to be colonized with the strain that caused his or her disease than were healthy controls.
Genetic Diversity
Species. S. capitis was significantly less diverse than were the other species, with all 29 isolates assigned to a single PFGE type (with 4 subtypes; figure 1; table 5 ). The 127 isolates of S. epidermidis were distributed among 57 PFGE types, although more than half of the isolates were represented by the 9 most prevalent of these types.
Clinical groups. There was no significant difference among the 4 groups in (1) the number of PFGE types per isolate and (2) the probability of randomly picking 2 isolates with the same type. This suggests that the populations are equally genetically diverse ( figure 2; table 6 ).
The frequency distribution of PFGE types was not flat, because some types were much more common than others. The 10 most numerous PFGE types accounted for 96 (52%) of the isolates. These common types were not more likely to cause invasive disease; they were equally distributed between the clinical groups, with 5 of the PFGE types occurring in all 4 groups.
DISCUSSION
Endemic strains of CoNS have been isolated from blood samples obtained for from neonates within a given NICU over prolonged periods, in some cases up to 10 years [25] [26] [27] . Presumably, these clones have acquired factors that facilitate their survival as colonizing flora in the NICU environment, although the factors that determine this are currently unclear. The key question in relation to the pathogenesis of CoNS disease is whether the factors that allow these clones to succeed in the NICU setting also enhance their ability to be invasive in preterm infants. Assessment of the relative virulence potential of endemic clones requires a comparison between invasive isolates and colonizing flora from infected and noninfected neonates in the context of either a large cohort study or a case-control study. A study carried out in one unit has studied an endemic clone of Staphylococcus haemolyticus (TOR-35) in relation to carriage during 2 time periods. Ten of 58 blood culture isolates that had spanned 2 years carried this organism, and a point prevalence survey of colonizing flora conducted 5 years later demonstrated that one-sixth of neonates on the unit had been colonized with this strain [26] . A further study in the same unit found that 38% of neonates were colonized by TOR-35 during the first week of admission, and a retrospective study of 252 episodes of bacteremia demonstrated that 11% of blood culture isolates were TOR-35 [27] . However, isolates associated with carriage and disease were not collected in parallel, so it is not possible to infer whether TOR-35 represented a hypervirulent clone. A clone of S. epidermidis associated with infection in another NICU was not found in the pool of isolates representing colonizing flora isolated during the same period of time, and the authors hypothesized that some clones of S. epidermidis may be more pathogenic than others [19] . Our study was specifically designed to test this hypothesis. We chose a case-control design, because a cohort study was felt to be impractical; even though CoNS infection is a major problem in neonatal intensive care, a very large number of infants would have to be recruited for a reasonable number of cases to be prospectively identified.
PFGE is widely used for comparing epidemiologically related staphylococcal isolates, and, as such, we considered it the typing method of choice for studying the microepidemiology of CoNS on a neonatal intensive care unit. Other investigators have successfully used PFGE to identify clones of CoNS in the same setting [19] [20] [21] . Although the PFGE pattern of a given clone will become divergent over time or geographical distance, we assumed that such divergence would be limited within a single enclosed environment during a short period of time. One of the limitations of PFGE is that there is not a predictable re- lationship between the band differences among isolates and the genetic changes that cause these differences. For this reason, we have avoided analysis techniques, such as the unweighted pair group method with arithmetic mean clustering and principle component analysis, which depend on a numerical treatment of banding pattern differences. A further limitation of PFGE is that it may be over-or under-discriminatory, leading to an inability to resolve clonality within geographically and temporally dispersed isolate populations. Both of the aforementioned problems can be overcome by use of techniques that generate data sets of multiple discrete characteristics that vary independently, such as multilocus enzyme electrophoresis and MLST. These are well suited to the study of bacterial clonality and are not reliant on restriction-fragment length polymorphisms, but they have not yet been described for the study of CoNS species.
Endemic clones were demonstrated in the current study, the most marked example being a single clone of S. capitis that contained 29 isolates, 3 of which were associated with bacteremia. The patients with these cases did not have scalp vein cannulae, and the scalp was rarely used as a site for iv access during the study. S. capitis is not a common nosocomial pathogen, and as a species, it has not been shown to be overrepresented in the flora of other units sampled. However, its existence is consistent with previous reports of unit-specific endemic clones of CoNS, including S. epidermidis and S. haemolyticus [20, 26, 27] . The finding that S. epidermidis was represented by a large number of clones in our unit, but that more than half of all isolates belonged to 9 clones, is also similar to the findings of studies reported elsewhere [19, 20] .
Previous studies have shown that the antimicrobial resistance patterns of clones endemic to particular units have reflected the antibiotic use in that unit [21] , but the relationship of antibiotic resistance to pathogenicity in the NICU setting is unclear. Comparison of isolates from the blood or skin of sick infants with skin flora from healthy controls demonstrated that sick neonates were significantly more likely to be colonized with CoNS that were resistant to a wider range of antibiotics. If the sick infants were handled at a higher intensity than were healthy controls, then one possible explanation is that moreresistant isolates are carried with increased frequency on the hands of staff. No association was demonstrated between antibiotic resistance and enhanced pathogenicity.
Six species of CoNS isolates were found on the skin of neonates in the NICU, 5 of which were represented by multiple strains. Taking into account their relative frequencies in the carriage population, these 5 species were all equally likely to cause disease. This suggests that, in this setting, there was no difference in pathogenic potential between these CoNS species.
Our finding that strains of CoNS associated with invasive disease were represented equally in the carriage population indicates that hypervirulent clones of CoNS were not present in Table 6 . Number of pulsed-field gel electrophoresis (PFGE) types per clinical group and the probability of picking 2 identical types.
Clinical group Bacteremia
Blood culture contaminant the Oxford NICU at the time of the study. Thus, CoNS genotypes and associated phenotypes that thrive in our NICU are not associated with increased pathogenicity. This does not exclude the possibility that у1 virulence determinants are highly preserved among isolates associated with both carriage and disease. It is also consistent with the view that CoNS are purely opportunistic pathogens in preterm neonates and that host factors are the critical determinants of infection. Although we have not demonstrated hypervirulent clones in our unit, it is possible that they are present as a minority of invasive isolates and were not detected by a study of this size. For this to be so, the majority of disease-causing isolates would derive from sporadically encountered clones, rendering hypervirulent clones relatively unimportant in the pathogenesis of CoNS disease. It is possible that PFGE is an inadequate tool for detecting hypervirulent clones, for reasons discussed above. We are currently developing an MLST scheme for S. epiderimidis that will be applied to address this possibility.
